The Z-score of a protein is defined as the energy separation between the native fold and the average of an ensemble of misfolds in the units of the standard deviation of the ensemble. The Z-score is often used as a way of testing the knowledge-based potentials for their ability to recognize the native fold from other alternatives. However, it is not known what range of values the Z-scores should have if one had a correct potential. Here, we offer an estimate of Z-scores extracted from calorimetric measurements of proteins. The energies obtained from these experimental data are compared with those from computer simulations of a lattice model protein. It is suggested that the Z-scores calculated from different knowledge-based potentials are generally too small in comparison with the experimental values.
Pereira & Pochapsky, 1996; Thomas & Dill, 1996; Skolnick et al., 1997; Wang & Ben-Naim, 1997 ). This conflicting situation calls for examination of the physical meaning of the Z-scores.
In this paper, we suggest a means of extracting Z-scores from the experimental data of proteins. Such Z-scores are defined differently than Zmr,,f,,,d.y, but it is possible to relate the two quantities. Thus, it is hoped that the results presented here can provide guidance into reasonable ranges of Z-score values and for assessing the significance of knowledge-based potentials.
Experimental 2-scores of native proteins
Experimentally, from calorimetric measurements on proteins (Makhatadze & Privalov, 1995) , the average energy difference between the native and the denatured state and their associated energy fluctuations can be estimated as follows: 
where kB is Boltzmann's constant, and T i s the absolute temperature, € is the energy of a protein molecule (including the interactions within the protein and with the solvent); the brackets indicate ensemble averaging, the subscripts U and N indicate the denatured and the native state, respectively; Cp and C," stand for the constant volume heat capacities of the protein in the native and denatured states, respectively. The approximation sign indicates that the effect of volume changes upon protein folding is small; hence, it is ignored here. Residue contact + torsion angles 8 aThe data were obtained from the following references: A, Huang et al. (1996) ; B, Ulrich et al. (1997) ; C, Godzik; D, Miyazawa and Jemigan ( 1996) ; E, Melo and Feytmans (1997) ; F, Kocher et al. (1994) ; G, Delarue and Koehl (1995) . bvdw, van der Waals interactions.
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Note that some parts of the total energy of a protein, such as the kinetic energy of atoms and covalent bonding, are independent of conformational changes. Here, we are only interested in those contributions that do change with the conformation of the protein.
Thus, we decompose the total energy into two contributions:
, where only E depends on the conformation of the protein.
(In the rest of the paper, unless specifically stated, the term energy refers to the conformational energy E.) Because Eo does not depend on protein conformation, we have
The Eo part of the total energy contributes to the heat capacity of proteins. It has been estimated that this contribution is approximately equivalent to 95% of the total heat capacity of an anhydrous protein (Gomez et al., 1995) . Based on a global fitting of the heat capacity of proteins in different conformations over a wide temperature range, Gomez et al. found that the conformationally independent contribution to the heat capacity can be evaluated as
where v = 0.28 cal/K/g, w = 9.75 X IO" cal/KZ/g, K is degree of kelvin, Mw is the molecular weight of the protein. Therefore, fluctuations of E in the native and the denatured state can be obtained from
Now, by analogy to Equation I , the experimental Z-score can be defined as follows:
which measures the energy separation between the native and the denatured state. By using Equations 5 and 6, one obtains All the quantities in this equation can be obtained from experiment.
Relationship of Zmisfijlds to experimental quantities
The Z-score defined in Equation 7 differs from that in Equation 1 because denatured proteins are not equivalent to an ensemble of misfolded proteins (i.e., the structures corresponding to the native conformation of other protein sequences) referred to in Equation 1. The true energy of such misfolded proteins is not known because these misfolded structures are purely hypothetical. In practice, they are often generated from ungapped threading, i.e., by placing a protein's sequence on the backbone of another protein. Such structures are mostly compact and have appreciable secondary structure content. In contrast, denatured proteins are believed to be unfolded with little secondary structure (Dyson & Wright, 1993; Smith et al., 1996) . In addition, there is another key difference: the denatured conformations are preselected by a Boltzmann factor (so that very high energy structures are excluded), while an unweighted energy average is used for the misfolds in Equation I .
To be more specific, let 3 refer to the conformational space that takes into account all nonnative protein structures in which covalent bonding and/or excluded volume is not violated, and g-,(E) denote the corresponding density of states. From elementary statistical mechanics, the average energy of the denatured state can be written as where p = l/kBT. Now, considering all the misfolds as a subspace of the whole conformational space, with gmrsfold.y(E) as their corresponding density of states, we can then write In contrast to Equation 9, Equation 10 does not involve a Boltzmann factor of energy. Equation 10 suggests that the corresponding quantity for the denatured state, would be of interest. E , means the average energy of random coils at infinite temperature (T = a ) . Note that only in our defined conformational space 3 does E, have a meaningful value.
Similar to Equation I . a new Z-score is defined as where a-, is the standard deviation of the energy of the ensemble 3.
To calculate this Z-score, one needs to relate g&E) to experimentally measurable quantities. In the Random Energy Model of a protein, the density of states is assumed to be a Gaussian function (Demda, 1981; Shakhnovich & Gutin, 1989; Bryngelson et al., 1995) . Here, we argue that the same approximation can be made for gJ(E). It is known that the energy distribution of the denatured state, p(E), can be well approximated by a Gaussian function, as is true for almost any thermally equilibrated system (Hill, 1986) . so that
Becausep(E) is proportional to ga(E)e-PE, it follows that ga(E)
is also a Gaussian function. Thus, It should be noted, however, that this Gaussian function only encloses a portion of the total density of states that gives rise to the observed energy distribution p(E). That portion of the density of states, which lies in the high energy region, once multiplied by the Boltzmann factor (e-p"), contributes nothing top(E). This region of the density of states versus energy curve is not of interest to us because our objective is not to find out what happens to proteins when the temperature approaches infinity. Our objective is to consider that portion of the density of states relevant to the denatured state at room temperature.
It should also be noted that the total density of states, which in general is a more complex function than a Gaussian function, should be temperature independent. However, gs(E) in Equa- By combining Equations 9 and 14, it follows that
The quantities on the right sides of these equations can be determined from the enthalpy and heat capacity measurements (Equations 2,4, and 6). Thus, E, and 0 2 can be obtained, in turn, from experiment so that Experimental Z-scores of proteins Z,, and Z, were calculated for 16 small proteins using Equations 8 and 16. The experimental data presented in Table 2 were obtained from a survey by Makhatadze and Privalov (1995) .
As shown in Table 3 , the values of Zexp are small at room temperature. Some of them are less than 1 .O, which means that the energy distributions of the native and denatured state have significant overlap. Does this contradict the two-state model (Privalov, 1979) aT is the temperature, N is the number of residues of a protein, AH is thc enthalpic change upon unfolding, AG is the free energy change upon unfolding, C," and C j are the constant pressure heat capacities of a protein in the native and denatured state, respectively, Proteins are denoted by their code names in the Protein Data Bank. AH and AG are in kJ/mol units; C," and C," are in kJ/mol/K. 
aN is the number of residues of a protein. bTm is the interpolated transition midpoint temperature As the temperature increases, Z,,, increases slightly. At the transition temperature T,,,, the native state and the denatured state are equally populated. (Values of T,,, were estimated from a parabolic interpolation of the free energy changes at AG = 0. The heat capacity and enthalpic values were then obtained from a parabolic interpolation at T,.) Assuming that the energy distributions of the native state and the denatured state are two Gaussian packets, P N ( E ) and P,(E), we can obtain the overall energy distribution:
where uu and uN are the standard deviations of the energy in the denatured and the native state, respectively. g u and uN can be determined from the heat capacities (Equations 5 and 6), so that P ( E ) can be calculated. Figure 1 shows the P ( E ) computed from the enthalpy changes upon unfolding and the heat capacities at the transition temperature for the listed 16 proteins. The energy distributions of most of the proteins exhibit two well-separated peaks, which is consistent with the two-state model of protein folding. Figure 2 shows the values of Z, from experimental data at 25, 75, and 125 "C, and the transition midpoint temperature. Z, correlates well with the square root of the protein size and remains almost the same at different temperatures. From linear fitting of the data, we have where N,, is the number of residues of a protein. The correlation coefficient is 0.91. Z, varies as f l r e A , because, according to Equation 16, Z, varies as the square root of the heat capacity, which is proportional to the protein size.
Z-scores of a lattice model protein
From the above analysis, the energies of proteins in the denatured state ((E),) and in the extrapolated denatured state at infinite temperature (E,) can be obtained, but the energy of the manifold of misfolded conformations used to assess Zmr,g,,,d3 is still unknown. Because the misfolds cannot be observed experimentally, perhaps computer simulations of a simplified model of proteins can provide a qualitative insight into the relationship between Z,,,i,fi,,d> and Z,.
We have analyzed the energies of a set of knowledge-based potentials developed for a lattice protein model. This model was previously studied by Entropy Sampling Monte Carlo (ESMC) simulations and was shown to have a cooperative, two-state folding transition (Kolinski et al., 1996) . ESMC is a recently developed technique (Ha0 & Scheraga, 1994) from which one can determine all the thermodynamic variables of a protein at equilibrium. Thus, the Z-score can be calculated according to Equations 8 and 16. Such Z-scores provide a direct comparison between "real" potentials and knowledge-based potentials of proteins.
The thermodynamic data of a lattice model protein were extracted from previously published work (Kolinski et al., 1996) . The sequence of the model was manually designed to form a six-member / 3 barrel consisting of 45 residues. We employed the model III force field, which was shown to produce two-state thermodynamic behavior. By using ESMC simulations, Kolinski et al. obtained the entropy as a function of energy, S ( E ) . Then, the free energy profile was obtained as F(E,T) = E -T . S ( E ) . The enthalpy change upon unfolding was calculated as the separation between the peaks. The heat capacities were calculated from the standard deviations of the two peaks. Consequently, the Z-scores were obtained according to Equations 8 and 16.
The results are shown in size, Z-score should be around 3. The exaggerated Z-score of the lattice model may be caused by the sequence design. For a different amino acid sequence, the results may change drastically. Lack of consistency may be the reason that such a force field can successfully fold some proteins to their native structures, but fail for other proteins (L. Zhang & J. Skolnick, unpubl. obs.) .
To calculate the energy of the misfolded structure of the lattice model protein, its sequence was threaded through a library of native protein structures obtained from the Protein Data Bank. The average and standard deviations of the energies, as well as the components of the energies, are shown in Table 5 . For comparison, also shown in Table 5 are the energies of the protein in the native and the denatured state calculated from Monte Carlo simulations at the transition temperature.
From Table 5 , one can see that the average energy of the misfolded structures is close to that of the denatured proteins. By analyzing the components of the energies, it seems that the burial r-" aAG and AH are in kJ/mol; Cf and C," are in kJ/mol/K; the data were computed at the transition temperature (T = 2.03 in lattice model units, assumed to be equivalent to 2.03 X 298 = 605 K). ZLM and 2, were calculated using Equations 8 and 16, respectively. and tertiary contact terms are small. The local interactions have a higher energy in the misfolds because of incorrect secondary structures, but this is largely compensated for by the amount of hydrogen bonds in these structures.
It is suspected that the strength of the hydrogen bonds (2.5 kBT per hydrogen bond) may have been overestimated in this lattice model potential. Because there is no explicit solvent in the model, when a protein unfolds, the loss of hydrogen bonding energy is enormous. While this may help folding in computer simulations, it is not realistic for real proteins. If the contribution from hydrogen bonding is ignored, the misfolds would have a much higher energy than the denatured proteins (by about 100 kJ/mol, second column in Table 5 ), approaching that of the denatured state at infinite temperature.
If the data in the first column in Table 5 are used, from Equations l, 12, and 15, one would find that Zm,fi,/& = 7.6 and Z , = 19.7. With the data in the second column (i.e., excluding contribution of hydrogen bonds), zmj.yj&v = 14.3 and Z , = 17.6. Note that the values of Z, are about the same as that in Table 4 .
It also follows that, depending on the parameterization of the potentials, the ratio of Zmjsfol~.JZm is about 39 or 81%; whereas, most of the knowledge-based potentials developed by various groups do not include a hydrogen bonding term, and zmi,,j&~ should be closer to 81% of Z , if we assume that this ratio holds for real protein structures. For a 100-residue protein, using Equation 19, it follows that zmjsjo/d.r should be around 38.3 X 81% == 31, which is much higher than that obtained from the knowledge-based potentials developed so far (Table 1) . Even if Zmr.v~lrdJ is taken to be 39% of Z,, then Zmrsf,/ds = 15 for a 100-residue protein, which is still higher than the Z-scores obtained from those knowledge-based potentials.
Discussion
The Z-scores of protein structures are widely used because they characterize the conformational energy landscape of proteins. We have demonstrated that a meaningful Z-score can be extracted from the thermodynamic data of proteins. Because this method relies on experimental measurements and involves no particular formulation of the potential energies, the results shown in this study may thus serve as a useful reference for the development of knowledge-based potentials.
Our proposed Z-scores are defined on the basis of the energies of the native state, denatured state, and a specially defined (T = co) denatured state. Figure 4 schematically shows the ranges of energies of interest. The energy distributions of the native state, the denatured state, the misfold ensemble, and the T = c o random coils are drawn as bell-shaped packets. The order of the packets reflects their relative energy. In practice, there is substantial uncertainty about the energy of the misfolded structures. For knowledge-based potentials, as seen in our study of a lattice model, the misfolds may be either close to denatured proteins or much higher in energy.
Our results indicate that the expected range of Zmr.yf,jldJ is around 15 to 31 for a small protein of 100 residues. Although there may be some errors in our Z, estimation (due to the assumption of a Gaussian distribution of the density of states), the qualitative picture is unlikely to change. These results suggest that the existing knowledge-based potentials need to be improved to have more specificity for the native conformation.
Materials and methods

Force field of the lattice model
For a detailed description of the force field, see reference (Kolinski et al., 1996) . Only a brief description is provided here. The parameters of the force field are available from anonymous ftp at scripps.edu (pub/MCSP).
The force field was built for a high coordination lattice. The backbone of a polypeptide chain is represented by C, carbon, 
where roi.Hj is the vector between the peptide plane j and peptide plane i. qH was chosen to 2.5 kBT in the calculation done in this study. Additional cooperative terms were used to promote a proteinlike hydrogen bond network.
Ehurial reflects hydrophobic interactions in proteins,
where So is the expected radius of gyration of a single domain protein in its native form. EcOnIaC, is the pairwise contact energy. Also included in Ec,n,a,l is the cooperativity term that promotes native protein-like contact patterns. E,, is the rotamer energy of side-chain groups. This term is small (less than 5% to the total energy) and was not used in our calculation of the misfolded structures.
Generating rnisfolded structures through threading
A library of native protein structures was collected from the Protein Data Bank. This set of proteins is the same as that in Zhang and Skolnick (1998) . The backbone amide hydrogen positions were inferred from the C, carbon and oxygen positions. The side-chain groups of the threaded structures were assumed to be the same as in the original structure. However, the contact relationship was not calculated according to the positions of the side-chain groups, but from the original protein structure, based on the distances between the heavy atoms of the side-chain groups (contact distance cntenon is 4.5 A).
